The activation of photoreceptor GTP-binding protein by rhodopsin was studied in squid photoreceptors and in crossreactions between the squid and bovine proteins. Turbidity changes were observed in the far-red after photoexcitation of rhodopsin with brief flashes and were used to probe interactions between photoreceptor membrane suspensions and soluble protein extracts. Our findings are (i) squid photoreceptors contain a GTP-binding protein detectable by lightand GTP-sensitive turbidity changes and by limited sequence homology of a 46-kilodalton polypeptide to the a-subunit of bovine GTP-binding protein; (it) the squid membranes activate bovine GTP-binding protein qualitatively in the same way as bovine rhodopsin; (iiW) the 46-kilodalton component is present in a membrane-bound fraction but is more abundant in a crude, soluble fraction of squid rhabdomes, and this soluble fraction can interact with either squid or bovine rhodopsincontaining membranes; (iv) light-activated GTPase activities in all of these preparations are consistent with the light-induced turbidity changes. These results show that rhodopsin activation of GTP-binding protein is highly conserved in vertebrate and cephalopod photoreceptors. Since squid rhodopsin is immobilized in precisely ordered microvilli, this suggests that activation of GTP-binding protein in cephalopod photoreceptors occurs in the absence of rhodopsin diffusion. The rhodopsin immobility may be compensated by higher mobility of the soluble GTP-binding protein.
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In the retinal rods of vertebrates, the absorption of light by rhodopsin activates an enzyme cascade that modulates the concentration of cyclic GMP (1) (2) (3) (4) and regulates the photoreceptor potential (5) (6) (7) . Interactions between photoexcited rhodopsin (metarhodopsin II; refs. 8 and 9) (R*) and GTPbinding protein (10) (G), the central regulatory element in the cascade, can be monitored by changes in far-red light scattering. The bleaching of bovine rhodopsin in disc membrane suspensions causes rapid changes in turbidity that depend specifically on the presence of G (11) . In the absence of GTP, there is a drop in transmittance, or binding signal, coinciding with 1:1 R*-G binding and saturating at 10% bleaching (the G/R ratio). With GTP, each R* catalyzes many G-GDP to G-GTP exchanges, accompanied by an increase in transmittance or dissociation signal, which is related to the dissociation of R*-G complexes and saturates at low light intensities (0.5% bleaching), because one R* interacts sequentially with many G molecules. By extracting G from the membranes into solution (12) and recombining them under controlled conditions, Kuhn et al. (11) were able to correlate these signals with biochemically defined states of R*-G binding. The time course of the signals (8) supports the idea that R* and G encounter by lateral diffusion in the plane of the membrane (3).
Cephalopod (squid, cuttlefish, octopus) retinas also exhibit an R*-activated GTPase activity (13, 14) . Their photoreceptor membranes, however, are microvilli with an ordered substructure (15) and immobilized rhodopsin (16, 17) , unlike the fluid disc membranes of vertebrate rods. To examine the hypothesis that activation requires lateral diffusion of rhodopsin, we used the light scattering technique to probe R*-G interactions with squid components. We present here evidence for a considerable degree of homology between the vertebrate and cephalopod R*-G pathways, suggesting that in this case G activation occurs without rhodopsin diffusion.
MATERIALS AND METHODS
Animals. Squid (Alloteuthis subulata or Loligo vulgaris) and cuttlefish (Sepia officinalis) were obtained either from the Laboratory of the Marine Biological Association (Plymouth, U.K.) or from the Laboratoire Arago (Banyuls sur Mer, France). They were dark adapted in laboratory tanks for at least 6 hr before decapitation. All procedures were done in dim red light (Kodak Safelight filter no. 2) or darkness. Cuttlefish and octopus gave almost identical results and were used interchangeably with squid, except that they were anesthetized with 1.5% ethanol before decapitation. Dissected eyeballs were frozen in liquid N2 and stored at -800C or in liquid N2 until use (within 1-2 months at -800C).
Photoreceptor Preparation. Frozen eyes were split open by a hammer blow to expose the retina, allowing it to thaw in marine invertebrate buffer (400 mM KCI/4 mM MgCl2/10 mM EGTA/20 mM 4-morpholinepropanesulfonic acid, pH 7.4/1 mM dithiothreitol). All solutions were degassed. Photoreceptor membranes (Ms) were prepared by shaking off outer segments into the buffer. The outer segments were homogenized and the membranes were collected by centrifugation (1.5-ml tubes spun at 10,000 x g for 4 min), floated on a 0-35% sucrose step (8 min), and washed in buffer. The soluble extract Es was obtained as the supernatant of the initial homogenization and recentrifuged (8 min) to remove membrane contaminants. Ms and particularly Es were subject to severe proteolysis, partially inhibited by EGTA, and were only used on the day of preparation. Enzyme activity was also sensitive to oxidation. Bovine photoreceptor membranes (Mb) and soluble extracts (Eb) were prepared by the method of Kuhn (12 Values for the four time points (0.5-4 min) in each series were linear within 20%, except when the GTP supply was exhausted. Light activation was produced by a flash exciting 15% of the rhodopsin just before addition of GTP. Alkaline phosphatase activity was measured on similar samples by monitoring absorbance at 400 nm, with p-nitrophenyl phosphate (Sigma) as substrate. Fig. 1 show the polypeptide composition of the squid and bovine membrane and soluble extracts used for light scattering. The squid photoreceptor membrane suspension (Ms) consisted of cylindrical and irregular vesicles, seen by negative-stain electron microscopy. In a study on the effects of membrane shape on the turbidity signals (21), we found that the signals from stacked bovine discs and sonicated disc vesicles were identical in sign, stoichiometry of interaction with G, and saturation with percent bleaching, although signal amplitude and kinetics were altered. This en-,, abled us to use the same approach on cephalopod photoreceptors.
RESULTS The gel lanes in
Signals in the Absence of GTP. The transmittance records in Fig. 1 are from the four combinations of membranes and extracts in the absence of GTP. The bovine rhodopsin and binding signals, obtained in marine invertebrate buffer, are shown in Fig. 1 , trace a. The rhodopsin signal (upward step), related only to rhodopsin photochemistry, was obtained from membranes devoid of G or after saturation of G-dependent signals and is proportional to the fraction of rhodopsin bleached. It constitutes the background on which G-dependent signals are superimposed. Intact rod outer segments that have not been subjected to hypotonic shock to separate R and G respond with much more rapid binding signals (25-msec half-time for the rapid phase) (11) than in this case. Fig.  1 , trace b, shows the pair of traces from squid photoreceptor membranes and membranes plus soluble fraction. In this case, the membranes alone gave a rhodopsin signal with a small, superimposed transmittance drop saturating at ',5% rhodopsin to metarhodopsin conversion. This drop varied in amplitude between preparations. Adding the soluble fraction caused a much greater light-induced transmittance drop. The amplitude of this signal for a saturating flash is proportional to the amount of extract added (data not shown). The crossreactions are shown in Fig. 1 , traces c and d. Bovine membranes gave a small but reproducible transmittance drop with squid soluble fraction, which resembles a bovine binding signal with only one-tenth of the native amount of G. Conversely, the squid membranes and bovine enzymes crossreacted to produce a more pronounced drop whose amplitude for a saturating flash is proportional to the amount of bovine G added, as for the bovine binding signal. photoreceptor membranes, including rhodopsin (Rj), actin (A) (15) , and a small amount of a 46-kilodalton component that is not visible as a distinct band because it merges with the upper edge of R,. It is clearly visualized when R, is polymerized by heating in NaDodSO4. E., soluble proteins of squid photoreceptor outer segments in 20 ,lI of extract, including a 46-kilodalton band, actin, and a band comigrating with bovine Gc .
Eb, soluble low ionic strength extract (20 ,tl) of bovine photoreceptor membranes (12) , containing phosphodiesterase (P) and G. Mb, washed disc membranes containing mainly rhodopsin (Rb). Traces a-d, 700-nm transmittance changes in 500-,l photoreceptor membrane suspensions at 20°C in response to 1-msec flashes of 500-nm light calibrated to convert 5% of the rhodopsin to metarhodopsin. Increased transmittance is upward in this figure and in Fig. 2 , and the spike is the flash artifact. Trace a, Mb (135 ug of rhodopsin), the response of washed bovine disc membranes is the upward step, or rhodopsin signal. Mb + Eb, the binding signal from bovine membranes recombined with 60 jig of bovine extract. Trace b, Ms (450 gg of rhodopsin), the signal from squid membranes, showing a small transmittance drop, of half-time = 250 msec, saturating at 5% rhodopsin to metarhodopsin conversion. Ms + Es, the transmittance drop from squid membranes recombined with 2 mg (total protein) of squid soluble fraction (=200 ,ug of Ga). A large slow phase has been added to the signal, which does not level out in the 10 Effect of 100 ,uM GTP on the flash-induced 700-nm transmittance changes. The unstable baselines over periods of several seconds in traces a and b result from suspended particle movements in the sample. We did not wait for the baselines to stabilize (as in Fig. 1 Fig. 2 . In trace a, the samples were exposed to a dim flash followed by a bright flash, to demonstrate that G-dependent signals in GTP saturated at low flash intensities (amplification step) and that there was no binding signal evoked by a subsequent bright flash, because all of the G had already been activated. For squid membranes plus bovine enzymes (trace a), the dim flash in GTP (upper trace) gave the transmittance increase saturating within 0.5% pigment conversion, and only the rhodopsin signal was obtained with the second, bright flash. The equivalent traces from the pure bovine system (not shown) had the same signs and GTP dependences, but with a 5-to 10-fold increase in amplitude. Light Scattering Controls. The following controls support the conclusion that our signals are specific to R*-G interactions: (i) Adding Eb (in the same concentration as in Fig. 1 activity. A large alkaline phosphatase activity has been reported for the membrane fraction of cephalopod photoreceptors in another study (23) . However, that procedure involved isolation of the outer segments in 5 mM salt and measurement at 1 M, whereas our procedures were all done at physiological ionic strength.
Identity of Squid G. The presence of G in cephalopod photoreceptors was first detected by their light-activated GTPase activity (13, 14) . A recent report of cholera toxincatalyzed labeling has suggested the identity of a 44-kilodalton band as squid Ga (24) . One-dimensional peptide maps (19) obtained by papain digestion of bovine Ga and the 46-kilodalton band in our preparation (Fig. 3) showed 5 digestion fragments coinciding in position out of a total of 9 Ga fragments and 10 46-kilodalton fragments. These five coincidences were observed in several different experiments. This degree of coincidence between maps of unrelated proteins has a probability of <0.01, calculated by the formula in ref. 25 . This formula takes into account positions of the bands and the resolution of the measurement (0.5 mm on the gel, corresponding to four distinct positions from fragments 1 to 2 in Fig. 3) . Note that the pair of heavily loaded bands between fragments 2 and 3 is closer together than the assumed resolution, but they are rejected as non-coincident. Mapping the squid component that comigrates with bovine Ga gave only one coincidence on the same gel, as predicted by the formula for unrelated proteins under these conditions. The result shows that, despite their obvious differences, bovine GQ and the squid 46-kilodalton band possess a limited degree of sequence homology. The 46-kilodalton band in our membrane fraction M, (see legend to Fig. 1 (11) , much of theG activity in squid is found in the soluble extract regardless of ionic strength, with a small amount firmly membrane bound. The membrane-bound fraction corresponds to the light-sensitive GTPase of earlier reports. The reversed sign and increased light sensitivity of the M, + Eb signals in the presence of GTP establish that squid rhodopsin interacts functionally with bovine G, as expected from an earlier report that cephalopod rhodopsin activates bovine phosphodiesterase (22) . The sensitivity of the scattering signals to GTP and of the GTPase activities to rhodopsin photoexcitation imply that G is the active component in both squid membrane and soluble fractions. However, binding and release of squid G from the membranes do not occur as in the bovine system and this might account for the differences in GTP-dependent light scattering signals. The peptide mapping result confirms the identification of a 45-kilodalton component as squid Ga. The recombination of squid membranes and soluble fraction is anomalous in both light scattering and GTPase activity, and the enzyme activities in this system need further characterization. A light-activated increase in cyclic GMP has been demonstrated recently in the MS + Es preparation (26) . This raises the possibility that the G described here functions by activating a guanylate cyclase or by inhibiting a cyclic GMP phosphodiesterase. This is particularly interesting because the electrical response in cephalopod photoreceptors has opposite polarity to that of vertebrate.
The G unit was first discovered in the hormone receptor adenylate cyclase cascade (27) , and this pathway has been shown to crossreact with the bovine rod outer segment cascade (28) . Sequence homologies have been demonstrated recently between bovine photoreceptor G and both excitatory and inhibitory Gs of the hormone system (29) . Increasing membrane fluidity speeds up cyclase activation by an erythrocyte f3-adrenergic receptor (30) , but the local mobility of receptors during activation in cultured cells is unclear (31) . Our evidence for a related receptor and G unit in cephalopod photoreceptors supports the idea that it is a universal biochemical pathway and is capable in this system of activation by a relatively immobile receptor protein, squid rhodopsin.
Higher solubility of some of the squid G may Compensate for rhodopsin immobility, but this would depend on whether its subsequent action is on the membrane surface or in the cytoplasm.
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